The nucleotide sequence of the long terminal repeat (LTR) of bovine leukemia virus, a unique oncogenic retrovirus of cattle, was determined. The LTR consisted of 530 base pairs (bp) with an inverted repeat of 6 bp at its 5' and 3'
ends, flanked by a direct repeat of 6 bp of host ceil origin. A tRNAI)°binding site for minus-strand DNA synthesis followed the 5' LTR. The U3 region contained putative transcriptional promoters, "CAT" box and "TATA" box, but they had peculiar sequences (C-C-A-A-C-T and G-A-T-A-A-A-T). The U3 region also contained a potential enhancer element, whose sequence partially resembled those of other viral and cellular, especially of immunoglobulin, enhancers. The most striking structural feature of the LTR was an exceptionally long R region (228 bp), which separated a poly(A) addition signal (A-A-T-A-A-A) from a poly(A) site as far apart as 260 bp. The long R region was suggested to form a large stable hairpin structure on a nascent RNA chain, making the two transcription termination signals close together and thus ensuring normal termination of the chain. This structural feature of the bovine leukemia virus LTR was analogous to that of human T-cell leukemia virus LTR and, in fact, slight sequence homology (at most 50%) was observed between the R regions of these two retroviruses, indicating their evolutionary relationship. The unique structural feature of bovine leukemia virus and human T-ceil leukemia virus LTRs may thus bear some relation to the biological features commonly shared by these retroviruses.
An important structural feature of the retroviral genome is the presence of two long terminal repeats (LTRs) at the 5' and 3' ends of the proviral genome (1) . Each LTR contains the sequences U3-R-U5, where U3 and U5 represent unique sequences derived from the 3' and 5' ends, respectively, of viral RNA, and R represents a short, terminally redundant sequence present at both termini of viral RNA, and it is always terminated by short inverted repeats and is flanked by direct repeats of host cell origin (2) . The LTR plays a crucial role in retrovirus replication and is thus known to contain regulatory sequences necessary for transcription (1) . The LTR also contains an enhancer element that greatly increases the transcriptional efficiencies of both viral and nearby cellular genes (3) . Furthermore, the LTR shows significant sequence homology between those of related retroviruses, providing models for retrovirus evolution (4) (5) (6) (7) .
Bovine leukemia virus (BLV), an exogenous type C retrovirus, is a causative agent of enzootic bovine leukosis or lymphosarcoma in cattle (8) . BLV differs in several biological and biochemical properties from other retroviruses. It is morphologically atypical (9) , and, unlike other mammalian type C retroviruses, its reverse transcriptase has an absolute requirement for Mg2+ (10) . It shows no extensive nucleotide or structural protein homologies with other known retroviruses (11, 12) . Curiously, its productively infected cell line has rarely been established (13) and, in fact, it does not replicate efficiently in the natural target B lymphocytes (14) . Finally, BLV is not integrated into a common site in the tumor cell chromosome (15, 16) and does not activate a downstream host cell gene (14) . In the present study, we examined the nucleotide sequence of the cloned BLV LTR, which we expected to show some unique structural features, because of its essential role in viral replication. We found that it has several unique features with respect to its nucleotide sequence and the locations of regulatory signals for transcription and also found that BLV is distantly related only to human (or adult) T-cell leukemia virus (HTLV or ATLV).
MATERIALS AND METHODS
Molecular Cloning of BLV DNA. The isolation of a DNA clone of integrated BLV from tumor cells in X Charon 4A and its subcloning in pBR322 have been described (17) .
DNA Sequence Analysis. The nucleotide sequence was determined as described by Maxam and Gilbert (18) . DNA fragments were obtained by use of various restriction endonucleases (Takara-Shuzo, Kyoto, Japan) and all of these were labeled at the 3' end by using cordycepin 5'-[a-32P]triphosphate (Amersham, 3000 Ci/mmol; 1 Ci = 37 GBq).
Computer-Aided Analysis of the Sequence Determined. Sequence homology was examined by the DNA version of the method developed for distantly related proteins (19) . Secondary structures were deduced, as the forms with minimal free energies, according to the computer program developed for large RNA sequences (20) . Sequence alignment of distantly related DNA sequences was performed by a modification of the method initially developed for proteins (21) .
RESULTS
Localization of LTR Sequences Within Integrated BLV DNA and Sequencing Strategy. The isolation and characterization of a molecular clone (XBLV-1) of integrated BLV provirus DNA has been described (17) . Only restriction sites of interest are shown in Fig. 1 . The LTR sequences within the BLV genome were located on the basis of the identical restriction sites near either end of BLV DNA and the hybridization of the sequences to a BLV LTR-specific probe (17) . We sequenced both the 5' and 3' LTRs and the host flanking sequences by the strategy shown in Fig. 1 .
consisted of 530 bp and contained an imperfect inverted repeat of 6 bp with the sequence 5' T-G-T-A-T-G 3' at its 5' and 3' termini. There was a 6-bp host sequence (G-A-C-A-G-G), directly repeated at the site of virus integration. Immedi (G-A-G-G-G-G-G-A-G 
(T-C-T-G-G-C-T-T-G-C-A) that closely matched the transcription termination signal (T-T-T-G-C-N-1-T-T-G-C-A) of other retro-
viruses (23) . Furthermore, this C-A was followed by T-T-G-T (at positions 447-450), a sequence that is frequently observed immediately after the poly(A) site (1) . Thus, the C-A sequence at positions 438-439 is the most likely poly(A) site, or the end of the R region. We estimated from these observations that the R region of BLV LTR is 228 bp long and hence that the U3 region is 211 bp long and the U5 region is 91 bp long (Fig. 2B) We then attempted to identify the transcription promoter signals, the CAT box (consensus; C-C-A-A-T) and TATA
box (T-A-T-A-T-A-T), which are usually located in the U3
region, 70-90 and 20-30 bp, respectively, upstream from the G residue of the cap site (1). We could not find any typical signal sequences anywhere in the LTR, but closely related sequences were present 92 and 37 bp upstream from the cap site: the sequence at positions 115-120 had a single-base insertion (C-C-A-A-C-T) and that at positions 169-175 had a single-base substitution (G-A-T-A-A-A-T). Although these sequences are peculiar, they probably represent CAT and TATA boxes, judging from their locations at about the expected positions.
The canonical signal sequence (A-A-T-A-A-A) for polyadenylylation is located 10-20 bp upstream from the poly(A) site in most retroviruses (1) (20) . This gave the histogram in Fig.  3B , showing the frequency (or number) of random sequences as a function of their thermodynamical stability. Clearly, the proposed secondary structure (arrow in Fig. 3B ) was highly stable (-151.5 kcal/mol; 1 cal = 4.184 J) and such a stable structure was rare (only 1 of the 300 samples had slightly higher stability). Thus, the nucleotide sequences spanning the possible poly(A) signal and the poly(A) site appear to be "biologically" significant for formation of a stable secondary structure that makes the two widely separated transcription termination signals spacially close and thus functional.
Existence of a Potential Enhancer Element. Like certain DNA viruses and cellular genes, retrovirus LTRs contain enhancers or activators that greatly increase the transcriptional efficiency of viral and heterologous genes (3). They are located in the U3 region 100-250 bp upstream of the cap site (25, 26) , usually as tandemly repeated sequences. The BLV LTR sequence had three tandemly repeated sequences in the U3 region 111-156 bp upstream of the cap site (positions 56-101, Fig. 2A) ; the repeated sequences were shorter than those of other retroviruses (-70 bp; ref. 25) , and the first two sequences were partial repeats of the third, relatively long sequence (Fig. 4A) . The third repeated sequence contained an octanucleotide, G-T-G-G-C-T-A-G, which closely resembled the crucial "core" element (consensus sequence; G-T-G-G-TA A-AG) commonly found in most viral enhancers (27) . Fig. 4B shows a comparison of the core sequence and its flanking sequences of the "potential" BLV enhancer and of viral and cellular genes. With the minimal number of gaps to maximize the homology, the potential BLV enhancer showed various degrees of homology (50-70%o) with those from other sources, depending on the source compared. It showed the greatest homology with the mouse immunoglobulin heavy chain gene (C,,) enhancer, which functions in a B-cell-specific manner (32, 33) .
Relationship of BLV to Other Retroviruses. To obtain a clue to the origin of BLV and its relationship to other retroviruses, we compared, by computer analysis (19) , the BLV LTR sequences with those of several other retroviruses (including HTLV), transposable elements, and bovine satellite DNA bearing LTR-like sequences (34) . Under conditions detecting 20-bp unit sequences with >60% homology, the twodimensional homology matrix showed no significant homology between the BCV LTR and any other _LTRs examined (data not shown). However, further analysis under less stringent conditions (50% homology detection) revealed, al- though over high backgrounds, a relatively long stretch (-100 bp) of BLV sequence that showed slight homology with only HTLV LTR. This stretch was located in the R region, which was identical in size in BLV and HTLV (see above), thus permitting alignment of nucleotide matches. (B) . See text for discussion of A. In B, sequences are aligned at the putative "core" sequences (27) . The residues that match those in the putative BLV enhancer are indicated by asterisks, with the minimal number of gaps (indicated by dashes) to maximize the homology. Numbering of the sequences is according to refs. 28 (MSV), 29 (Py), 30 (PyF101), 31 (BKV), and 32 (Ig CJ).
gions of the two retrovirus LTRs, made by introducing several gaps to maximize the homology. Overall homology (counting gaps) was as low as 48% (117 matches among 246 nucleotides). Even a stretch of 91 bp (underlined in Fig. 5 ), which could be aligned without gaps and was located in the same position in the R regions of BLV and HTLV, gave 46% homology. The probability that this 91-bp sequence of HTLV matches the corresponding 91-bp sequence of BLV with >46% homology was calculated to be as low as <4 x 10-5, indicating the significance of the homology observed.
Furthermore, the last 50 nucleotides of the BLV sequence contained several stretches of nucleotides that were highly homologous with those in HTLV (Fig. 5) . Thus, BLV and HTLV appear to be evolutionarily related, although their degree of relatedness is small. [We also found many, but short, stretches of homologous nucleotides in the U5 (and U3) regions of BLV and HTLV, but alignment of their matches was difficult because of their great differences in size.] Fig. 2A and those of HTLV are from ref. 22 , and they are aligned by using a computer program (21) . A stretch of 91 bp that was aligned without gaps is underlined.
it. The general features (1) include inverted repeats (6 bp) at both ends of the LTR, direct repeats (6 bp) of the host sequence at the provirus integration site, a primer (tRNAPIO) binding site following the 5' LTR, and a polypurine tract (9 bp) preceding the 3' LTR.
The U3 region of the BLV LTR contained possible transcriptional promoters, CAT and TATA boxes at appropriate positions, although they had peculiar sequences. Such unusual sequences might affect the transcriptional efficiency of a downstream gene (35) , and, if so, they could be related to the low efficiency of replication of this retrovirus (13, 14) . The U3 region also contained sequences that might be an enhancer element. Although no extensive nucleotide sequence homology has been observed between various enhancers (3), the potential BLV enhancer appeared to have somewhat significant homology, within a relatively short sequence (enhancer core plus its flanking sequences, -30 bp), with other enhancers, especially with that of a mouse immunoglobulin gene that has recently been shown to function in a B-lymphocyte-specific manner (32, 33) ; the BLV enhancer may thus bear some relation to the target cell (B lymphocyte) specificity of BLV. In this connection, it is interesting to note that the U3 regions of certain murine leukemia viruses have a regulatory sequence, presumably an enhancer element, capable of determining the target cell specificity of the virus (36, 37) . However, it is yet to be determined whether the putative enhancer element of BLV possesses a tissuespecific "enhancer" activity.
The most striking structural feature of the BLV LTR was an exceptionally long R region. Correlated with this long R region, the putative poly(A) signal was located in the U3 region as far as 260 bp upstream from the poly(A) site [in retroviruses and eukaryotic genes the poly(A) signal is usually only 10-20 bp upstream of the poly(A) site; ref. 1]. Judging from the primary structure, transcription of the BLV genome would thus not terminate at the correct site. To resolve this problem, we have proposed that the 3' terminus of the BLV RNA transcript forms a large secondary structure such that the entire R region becomes put aside as a hairpin structure, thereby making the two transcription termination signals close together (as near as 6 bp). Comparison of the proposed secondary structure with as many as 300 secondary structures formed by reshuffled sequences showed that the proposed structure was thermodynamically much more stable than almost all other secondary structures derived from the random sequences, strongly suggesting its biological significance. Probably, the large hairpin structure, if it is actually present in vivo, is formed rapidly on the nascent RNA chain, and immediately afterwards the resulting, closely located poly(A) signal and poly(A) site would serve as a normal transcription termination signal (or, in the more strict sense, as a recognition signal for RNA cleavage possibly preceding polyadenylylation; ref. 38) .
HTLV LTR has also a poly(A) signal in an unusual location and can form a similar secondary structure, although this structure has been proposed for both viral RNA and proviral DNA (41). We do not know at present why only BLV and HTLV have such an exceptionally long R region and hence, such a "round-about" mode of transcription termination. It is possible, however, that their R region bears some implication in the unique biological features of these retroviruses-i.e., lack of viral expression in the natural target cells (14, 42) , low efficiency of replication in heterologous cells (13, 43) , and activation of viral expression after a short culture of the target cells (8, 42) .
The structural features of BLV LTR presented here enable us to speculate on the kinship of BLV and HTLV, a possibility suggested previously from the appreciable homology of the NH2-terminal sequences of their internal protein p24 (44) and the long strong-stop cDNA in both (22) . In fact, we compared the BLV LTR sequence with those of various retroviruses and found that only HTLV LTR (R region) has slight sequence homology with BLV LTR. The very low, but appreciable, sequence homology observed (at most 50%) indicates that BLV and HTLV are distantly related, presumably constituting a distinct group of mammalian retroviruses. Evolutionarily, it appears that BLV and HTLV branched away from each other much earlier than did several known murine and primate type C retroviruses, whose LTRs have >60% sequence homology with each other (4, 5) .
Finally, we must refer to a paper (39) that we encountered during preparation of this manuscript, which reports the nucleotide sequence of the cloned 3'-terminal RNA region of BLV (cDNA clone). Although the BLV isolate examined (FLK-BLV; ref. 13 ) was different from ours and the boundary of its LTR was not clarified, the nucleotide sequences of the corresponding regions (U3 + R) are almost completely consistent (99%) with ours. However, an interesting difference is in the poly(A) addition site: as shown in Fig. 6 , the G residue at position 445 in our clone is replaced by an A residue in the cDNA clone (position 660), thereby forming a C-A dinucleotide to which the poly(A) stretch is attached [in our clone, we tentatively regarded the dinucleotide C-A (positions 438-439) that preceded the G residue (or A residue in the cDNA clone) as the poly(A) site, because it constituted a consensus transcription termination signal of retroviruses (23) ]. We do not know to which residue the poly(A) stretch actually attaches in our clone nor do we know whether microheterogeneity in the choice of poly(A) addition sites (40) takes place in the BLV system. However, if the poly(A) site is at the G residue in our clone (or the A residue in the cDNA clone), the poly(A) signal and the poly(A) site will be located at a more appropriate distance (12 bp apart) in the possible secondary structure that we have proposed.
